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ABSTRACT Phase change materials are essential to a number of technologies ranging from optical data storage to energy storage
and transport applications. This widespread interest has given rise to a substantial effort to develop bulk phase change materials well
suited for desired applications. Here, we suggest a novel and complementary approach, the use of binary eutectic alloy nanoparticles
embedded within a matrix. Using GeSn nanoparticles embedded in silica as an example, we establish that the presence of a
nanoparticle/matrix interface enables one to stabilize both nanobicrystal and homogeneous alloy morphologies. Further, the kinetics
of switching between the two morphologies can be tuned simply by altering the composition.

KEYWORDS phase change, eutectic, information storage, semiconductor nanocrystals, GeSn

hase change materials are essential components of

both optical data storage and the emerging static

random access memory (RAM) technologies.‘ The
prototypical materials used in these applications are in the
alloy family typified by Ge,Sb,Tes. These alloys can exist at
room temperature in either a stable crystalline state or a
metastable amorphous state, and, ideally, either an optical
(e.g., reflectance) or electrical (e.g., resistance) property is
markedly different between the two states. Also important
is the ability to switch rapidly between the states using, for
example, a tailored current pulse.” There is a substantial
current research effort dedicated to understanding existing
phase change materials,””® and to identify new materials
with improved properties.”~ The focus of these studies is
mostly on identifying those properties that make a single,
bulk material suitable for phase change applications. Here,
we demonstrate a new approach that is based upon the size
and composition dependence of equilibrium and kinetic
aspects of phase transformations. Our approach exploits the
unique properties of eutectic binary alloys that emerge when
they are embedded within nanoscale volumes: When mixed
Ge—sSn nanocrystals are formed within amorphous SiO,, the
nanocrystals exhibit a bilobed structure expected for strongly
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segregating binary alloys.'® However, rapid cooling following
pulsed laser melting stabilizes a metastable, amorphous,
compositionally mixed state at room temperature. Moderate
heating followed by slower cooling returns the nanocrystals
to their initial bilobed, crystalline state.

It is well-known that the presence of a solid/solid interface
at the surface of an embedded nanocrystal provides ad-
ditional degrees of control over the properties of nano-
crystals.''~'? For example, in contrast to the melting point
depression expected for free-standing nanocrystals'® Ge
nanocrystals embedded in amorphous silica exhibit a melt-
ing point elevation of nearly 200 K above the bulk value.
Moreover, after melting, the system can be supercooled 200
K below the bulk value.'® The potential for a single material
to be supercooled and superheated is a direct result of the
embedded nanoscale volumes and is not expected within a
bulk material."®

The unusual Kkinetics of phase transformations at the
nanoscale enables a broad range of phenomena beyond
tuning the melting and solidification points. For example,
we have found that heating Ge nanocrystals embedded in
amorphous silica with a properly tuned laser pulse, that is,
pulsed-laser melting (PLM), transforms the nanocrystals to
an amorphous state.'” As a subsequent annealing restores
the crystalline state, this suggests that embedded nanocryst-
als can function as a phase change material.

Alloying offers the possibility to engineer further the
phase-change properties of embedded nanocrystals. It is
well-known that in bulk eutectic alloys the melting point of
the alloy can be substantially lower than that of elemental
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FIGURE 1. A schematic of the operating principle of the proposed
phase change nanostructures. Enthalpy curves are sketched for the
liquid, crystalline and amorphous phases. Above Ty, the melting
point for bilobed nanocrystal, the entire nanocluster is liquid. As it
cools, it may follow one of two paths. If the cooling rate is slow, the
equilibrium path (red to dark blue) will be followed, yielding the
equilibrium bilobed structure, a half crystalline metallic/half crystal-
line semiconductor nanostructure. If the cooling rate is rapid (red
to light blue), the liquid will at first be supercooled, and then will
solidify into the amorphous state with nearly homogeneous com-
position at Tg. Upon heating, the amorphous state may follow the
path indicated by the white arrow and crystallize at a temperature
Teys.>> Each of the temperatures can be varied experimentally. T
depends on cooling rate. Varying the composition changes Tcys. The
melting point, Ty, also varies with composition. Thus embedded
nanoscale structures offer the opportunity to tune both thermody-
namics and Kinetics to obtain optimal transition characteristics for
technological applications.

phases of either component. Further, metals are known to
influence the recrystallization temperature of amorphous
thin films."®'? The implication is that alloying may offer the
opportunity to tune further phase equilibria and transition
kinetics at the nanoscale, and thereby enable the develop-
ment of a new type of phase-change material: binary eutec-
tic-alloy nanostructures (BEANS).

Figure 1 illustrates conceptually the envisioned behavior.
Heating an embedded BEAN to above its melting point yields
a liquid droplet with a homogeneous composition. Upon
cooling, two types of paths are accessible. (1) For slow
cooling, the BEAN can crystallize at temperature T, leading
to the equilibrium bilobed structure. (2) For rapid cooling,
the liquid can supercool, then freeze at temperature Ty into
an amorphous structure with homogeneous composition.
Upon reheating, the amorphous structure can recrystallize
at temperature Ty, Each of the relevant temperatures can
be tuned by altering the composition, the cooling rate, or
both.

To explore experimentally the potential for BEANs to
serve as phase change materials, we fabricated GeSn nano-
crystals. In the bulk, the GeSn system displays eutectic
behavior with the eutectic composition very near to pure Sn,
but a melting point very slightly suppressed from that of pure
Sn,231.97 to 231.1 °C.%° Ge and Sn are strongly segregating
and each individually forms nanocrystals within silica. Both
can be introduced easily into silica using ion implantation,
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a chemically clean, well-tested and understoo
technologically relevant process.

GeSn nanocrystals embedded in silica are formed by
sequential implantation of Sn and Ge followed by annealing
for 1 h at 900 °C. The composition of the nanocrystals is
tuned by changing the ratio of implanted species. Figure 2a
shows an energy-filtered transmission electron microscopy
(EFTEM) image of as-formed Gege7Sngss (Ge/Sn = 2:1)
nanocrystals (see details in Supporting Information for
detailed description of implantation procedure). The nano-
crystals in Figure 2a—c have an average radius of 13 £ 4
nm, values typical for all of the compositions considered.
(These measurements represent a coarse estimate of the
characteristics of our size distribution. See the online Sup-
porting Information for details.) The nanocrystals are clearly
phase separated into Ge and Sn regions, forming a bilobed
morphology. High-resolution electron microscopy suggests
that the lobes are crystalline (Supporting Information Figure
S2).

A single pulse from an excimer laser is used to melt the
alloy nanocrystals (PLM). At the laser wavelength and pulse
energy fluence used, 248 nm (5 eV) and 0.3 J/cm?, respec-
tively, the particles absorb the laser energy and melt while
the silica matrix stays relatively unaffected. This leads to very
rapid cooling and results in an amorphous phase with nearly
homogeneous composition.

Figure 2b shows an EFTEM image of the Ge/Sn embedded
nanoclusters after PLM. The bilobed structure characteristic
of the equilibrium morphology are no longer present. In
addition, there appear to be a large number of small nano-
clusters about each larger nanocluster.

More moderate heating and a less rapid cooling should
return the nanoclusters to their equilibrium morphology.
Indeed this is the case. As shown in Figure 2c, after a rapid
thermal annealing (RTA) treatment of the mixed nanoclus-
ters at 400 °C for 10 s, the initial bilobed geometry is
restored, demonstrating that the transformation is reversible.

The properties of the mixed phase are likely to be very
different from that of the bilobed crystalline state. We have
conducted both X-ray energy dispersive spectroscopy (XEDS)
and extended X-ray absorption fine structure (EXAFS) ex-
periments to determine the composition and local environ-
ment of the bilobed and mixed structures (Supporting
Information Figures S3—S5, Table S1).

XEDS indicates that the mixing of elemental species
within the mixed phase is nearly uniform. EXAFS mea-
surements of bond lengths and coordination numbers also
suggest that the mixed-composition material is amor-
phous. In situ TEM-based electron energy loss spectros-
copy (EELS) analysis show that the plasmon resonance for
the mixed phase lies between that of nanocrystalline Ge
and nanocrystalline Sn (Supporting Information Figure
S6). Since this plasmon energy is determined by the
valence electron density, we conclude that the valence
electron density of the PLM structure lies between that of
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FIGURE 2. Phase maps of phase-changed Ge, ¢;Sn, 53 nanoclusters. Phase maps are constructed for phase-changed Ge, 75n, 35 nanoclusters.(Ge/
Sn = 4:2) phase-specific featured spectra extracted from EFTEM spectrum imaging data set are used to map phases in the images. Green
represents Sn, red represents Ge, and blue represents SiO,. Yellow represents a mixture of Sn and Ge. The nanocrystals transform from (a)
equilibrium Ge—Sn bilobed structure in their as-formed state to (b) metastable Ge—Sn mixture with nearly homogeneous composition after
PLM process, and back to (c) equilibrium Ge—Sn bilobed structure upon moderate heating at 400 °C for 10 s followed by slow cooling.

the Ge and Sn structures. Taken together, these observa-
tions suggest that the post-PLM structure of the nanoclus-
ters is close to a homogeneously mixed amorphous GeSn
alloy, and they confirm that our phase change experi-
ments follow a crystalline—amorphous—crystalline path.

Having established that one can induce a phase change
within BEANs, we turn our attention to controlling the
transformation. In particular, we consider how the composi-
tion can be used to alter recrystallization kinetics and
thereby tune the recrystallization temperature.

Starting with amorphized nanoclusters, we applieda 10 s
rapid thermal annealing at various temperatures and moni-
tored the degree of crystallization using ex situ Raman
spectroscopy. Figure 3a shows typical Raman spectra ob-
tained from GeygSng, nanoclusters as a function of RTA
temperature. As expected, the post-PLM sample shows a
broad Raman signal similar to that of an amorphous Ge thin
film.?* In contrast, the as-formed nanocrystals show the
Raman peak expected for Ge nanocrystals, including the
expected asymmetry due to their small size. At low RTA
temperatures (e.g., the 323 °C spectrum in Figure 3a), the
Raman peak is intermediate in width between the as-formed
and amorphous cases and is starting to develop the charac-
teristic asymmetry to lower frequency typical of nanocryst-
als. This indicates the formation of small crystalline Ge
clusters. As the RTA temperature increases, the peak nar-
rows and eventually resembles that of the as-formed state,
showing that larger Ge clusters have recrystallized. We can,
therefore, use the full width at half-maximum (fwhm) of the
Raman peak to characterize the extent of the observed
recrystallization.

Figure 3b displays the fwhm (scaled by the fwhm at 25 °C
for each data set) plotted as a function of RTA temperature
for nanocrystals of differing compositions. The lines are
guides to the eye, constructed by fitting the data to an
empirical functional form (Supporting Information). We
define the characteristic recrystallization temperature, the
point for which the fwhm is reduced by one-half of its total
reduction upon complete recrystallization, to be Teys. These
temperatures are plotted versus composition in Figure 3c.
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FIGURE 3. Temperature dependent crystallization of amorphized
Ge.,Sn, nanoclusters. The full width at half-maximum (fwhm) of
the crystalline Ge Raman peak at ~300 cm ™' is used to monitor the
recrystallization of the BEANs. (a) RTA temperature dependent ex
situ Raman spectra of amorphized Ge, sSn, » nanocrystals. After PLM,
the Raman spectrum is nearly identical to that of an amorphous Ge
film.?* As the annealing temperature increases, the Raman peak
sharpens, converging to the spectrum of the as-formed nanocrystals
at 400 °C. (b) Plot of the fwhm of the Raman peak vs temperature
for different compositions. The lines are fits of the data to an
empirical form and serve as a guide to the eye (Supporting Informa-
tion). The fitted lines enable estimation of T, defined to be the
inflection point in the fitted curve. (c) Ty versus composition in
atomic percent as estimated from (b). The dashed line is a guide for
the eye.

For pure Ge nanoclusters, recrystallization begins near
500 °C and reaches completion around 600 °C. This is in
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FIGURE 4. In situ TEM micrographs of amorphized Ge,sSng, (x =
0.2) nanoclusters at elevated temperature. Images of the same
sample region at elevated temperatures are captured to investigate
the evolution of nanoclusters from the homogeneously mixed
amorphous phase to the bilobed crystalline phase. BEANs with a
dashed circles show clear phase separation between Ge and Sn
phases. Note that some overlapped, but still single phase nanocryst-
als can be also observed at low temperatures (<150 °C).

good agreement with the reported recrystallization temper-
ature (Teys) of amorphous Ge/SiO, superlattices with 5 nm
thickness.** As the Sn composition, x, is increased, Terys Of
Ge,,Sn, decreases. For example, Teys is lowered to ap-
proximately 150 °C in nanoclusters with composition near
50 atomic percent Sn (Ge/Sn = 1:1).

TEM in situ heating was employed to observe directly the
recrystallization process of amorphized Gey gSng » (Ge/Sn =
4:1) nanoclusters. Images captured as a function of temper-
ature are shown in Figure 4. Since the initial structure is in
a homogeneously mixed amorphous state, each nanocluster
is in a single phase as represented by single contrast. Phase
separated bilobed nanocrystals can be first observed at
300 °C, and most of the phase segregation occurs between
300 and 400 °C. These temperatures are in excellent agree-
ment with the data plotted in Figure 3 that indicate Teys ~
325 °C for Gep gSng .
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The observed dependence of the recrystallization tem-
perature on Sn content merits discussion. It is well-known
that amorphous semiconductors, such as Si and Ge, crystal-
lize at temperatures well below the normal crystallization
temperature when in contact with metals.'®'® This phenom-
enon, known as metal-induced crystallization, has been
observed for both semiconductor-metal bilayer struc-
tures,*~?® and codeposited composites.?*° Evidently, GeSn
nanocrystals embedded in silica display a similar phenom-
enon. Certainly, the recrystallization is influenced by the
number of GeSn bonds in the structure. Although the precise
origins of the composition dependence of T, remain to be
understood, we note that the observed tuning range extends
from near room temperature to over 500 °C.

Looking ahead to the applications of BEANSs to data storage,
we note that at this time, it is not possible to characterize
directly the transport properties of the bilobed and amorphous
nanostructures. However, the resistivities of amorphous Ge
films and intrinsic crystalline Ge differ by 3 orders of
magnitude®' and there is theoretical evidence that the band gap
of Ge;Sn, can be reduced substantially from that of pure Ge.??
Thus we expect that the transport and optical properties of the
amorphous PLM structure will be different from those of the
bilobed structure, and further that these differences can be
tuned through choice of composition.
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